


















Section 4. Structure of nanomaterials
Structure of Fe±Cr±N nanocrystalline ®lms with the
perpendicular magnetic anisotropy
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Institute for Materials Research, Tohoku University, Sendai 980-77, Japan
Abstract
The structure and magnetic properties of Fe±Cr±N ®lms, prepared by sputtering, have been investigated by X-ray
diraction, transmission electron microscopy, vibrating sample magnetometry and Mossbauer spectroscopy. We ob-
tained a saturation magnetization of 377 emu/cm3 and a perpendicular coercivity of 6.53 ´ 104 A/m for a Fe71Cr20N9
®lm, when the N2-to-Ar ¯ow ratio was 0.3 and the substrate temperature was 523 K. The increase of the perpendicular
magnetic anisotropy is accompanied by a reduction in the grain size of the a-Fe(Cr) phase and growth of the c0-
(Fe,Cr)4Nx phase. The c0-phase is nonmagnetic at room temperature, displaying columnar growth, and the small fer-
romagnetic a-Fe(Cr) grains are distributed at the grain boundaries of the c0-(Fe,Cr)4Nx columns. The shape anisotropy
plays an important role in the perpendicular magnetic anisotropy in the present ®lms. Ó 1998 Published by Elsevier
Science B.V. All rights reserved.
1. Introduction
In the past few years, there has been a great deal
of interest in the study of ternary amorphous and
nanocrystalline Fe±X±N (XZr,Hf,Nb,Ta,Ti)
systems [1±8]. This interest is because the third el-
ement, X, has an anity for nitrogen and the abil-
ity to form an amorphous phase, leading to soft
magnetic properties, a high saturation ¯ux density,
small magnetostriction, and better thermal stabili-
ty than binary Fe±N ®lms. However, the perpen-
dicular magnetic anisotropy in Fe-based ternary
nitride ®lms has not been reported so far. Co±Cr
alloy ®lms, which have a relatively larger satura-
tion magnetization and perpendicular coercivity,
have been extensively investigated [9±12], in con-
nection with their possible use as perpendicular
magnetic recording media. Recently, Honda et
al. [13] reported that the addition of nitrogen gas
during the sputter-deposition of Co±Cr ®lms has
the eect of increasing the perpendicular co-
ercivity, Hc?. The increase in Hc? was attributed
to microstructural changes, due to the develop-
ment of an isolated structure accompanied by
grain size reduction. However, the principal ele-
ment in these ®lms is cobalt, which has a hexago-
nal close-packed (h.c.p.) structure.
Perpendicular magnetic anisotropy has been
observed in binary Fe±Cr ®lms [14,15]. In sput-
tered Fe1ÿxCrx (x 0.33±0.4) ®lms, the coexistence
of Cr-rich and Fe-rich phases was detected by
scanning electron microscopy (SEM) and X-ray
diraction (XRD). The Fe-rich and Cr-rich (bcc
phase) regions grow in the direction normal to
the ®lm plane and the nonmagnetic Cr-rich grains
separate the ferromagnetic Fe-rich grains. The
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perpendicular magnetic anisotropy is attributed to
the shape anisotropy of the isolated ferromagnetic
regions.
In this work, we report the perpendicular mag-
netic anisotropy found in Fe±Cr±N ternary ®lms
prepared by DC reactive sputtering. We observe
the microstructure of the ®lms and examine the or-
igin of the perpendicular magnetic anisotropy.
2. Experimental
The Fe±Cr±N ®lms were deposited on glass and
aluminum foil substrates by facing-target-geome-
try DC magnetron sputtering in a mixed Ar + N2
plasma, using a composite target consisting of
pure Fe (99.9%) and Cr (99.9%) plates. The alloy
composition was adjusted by changing the Cr tar-
get area ratio,
ACr  area of Cr target
=total area of Fe and Cr targets: 1
To obtain Fe±Cr±N ®lms with varying nitrogen
contents, the N2 ¯ow rate ratio,
RN2  N2 flow rate
=Ar flow rateN2 flow rate; 2
was changed with mass ¯ow controllers. During
the sputtering deposition, the substrate tempera-
ture, TS, was kept at about 323 K by water cooling
and at 423, 523 and 623 K by indirect resistive
heating. The chemical composition of deposited
®lms was determined by inductively coupled plas-
ma (ICP) optical emission spectrometry and by
the helium carrier fusion thermal conductivity
method.
The structures of the ®lms were analyzed by
XRD, using an apparatus (Rigaku 4037 XRD)
with Bragg±Brentano geometry and CuKa radia-
tion monochromatized by a graphite crystal in
the incident beam. An electron microscope (Hita-
chi HF-2000), operating at 200 kV, was employed
for the transmission electron microscopy (TEM)
study. The Mossbauer spectra were measured
using a conventional multichannel spectrometer
in transmission geometry, with the incident c-rays
perpendicular to the ®lm plane. We used a 57Co
source in a Rh matrix and calibrated the velocity
scale using pure a-Fe. The magnetic properties of
the ®lms were measured with a vibrating sample
magnetometer (VSM) in a magnetic ®eld of
6 1.27 ´ 106 A/m, applied parallel or perpendicu-
lar to the plane of the ®lm.
3. Results
To ®nd the optimal sputter deposition condi-
tions, the saturation magnetization and the co-
ercivity (perpendicular and in-plane) of the ®lms
were measured as a function of R(N2), TS, ACr,
the total pressure and the input electric power
and bias voltage applied to the substrates. The per-
pendicular anisotropy depends on these parame-
ters and, in particular, on R(N2), ACr and TS. It
is found that the Fe±Cr±N ®lms deposited at
306ACr6 35% and TS 523 K have larger per-
pendicular anisotropies, with a saturation magne-
tization, MS, of 300±400 emu/cm
3 and a
perpendicular coercivity, Hc?, between 6.4 ´ 104
and 8.8 ´ 104 A/m. A perpendicular anisotropy is
also observed for the ®lms whose thicknesses are
greater than 500 nm. Typical perpendicular and
in-plane magnetic hysteresis loops are shown in
Fig. 1 for a Fe71Cr20N9 ®lm, deposited at
TS 523 K, ACr 33% and R(N2) 25%, with
the thickness of about 7 lm. In this ®gure, no com-
Fig. 1. Magnetization curves for Fe71Cr20N9 ®lm at room tem-
perature, for magnetic ®elds parallel and perpendicular to the
®lm plane.
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Fig. 3. Mossbauer spectra, recorded at RT and 4.2 K, for the
Fe71Cr20N9 ®lm deposited at TS 523 K.
Fig. 4. TEM images of the Fe71Cr20N9 ®lm deposited at TS  523 K, ACr 33% and R(N2) 25%. (a), (b) and (c) are plan-view BF, DF
(c0-(Fe,Cr)4Nx phase) and DF (a-Fe(Cr) phase) images, respectively, while (d), (e) and (f) are the equivalent images for the cross-sec-
tional specimen.
Fig. 2. X-ray diraction pattern for the Fe71Cr20N9 ®lm depos-
ited at TS 523 K. The inset shows rocking curve for the c0-
(Fe,Cr)4Nx (2 0 0) peak.
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pensation for demagnetization is made for the per-
pendicular M±H loop. The saturation magnetiza-
tion and perpendicular coercivity are 377 emu/
cm3 and 6.53 ´ 104 A/m, respectively, at room
temperature. As can be seen from the ®gure, Hc?
is twice as large as Hc//. It is clear that the ®lm
has an easy axis of magnetization, parallel to the
normal to the ®lm plane, and a hard axis lying in
the ®lm plane.
Fig. 2 shows the X-ray diraction pattern for
the Fe±Cr±N ®lm, whose magnetization curve is
shown in Fig. 1. The ®lm consists of an a-Fe(Cr)
phase and a c0-(Fe,Cr)4Nx (x < 1) phase. The
(1 1 0) peak of the a-Fe(Cr) phase is broad and
small. This indicates that the a-Fe(Cr) grains are
also rather small. A rocking curve measurement
for the c0-(Fe,Cr)4Nx (2 0 0) peak (inset) shows
that the full width at half maximum is about
7.7°, indicating a strong (2 0 0) texture.
To examine the origin of the perpendicular
magnetic anisotropy, we measured Mossbauer
spectra and carried out a TEM study for the
Fe71Cr20N9 ®lm. Fig. 3 shows that the Mossbauer
spectra at room temperature (RT) and 4.2 K con-
sist of a broadened hyper®ne sextet, characteristic
of the ferromagnetic bcc Fe±Cr alloy, and a para-
magnetic doublet, corresponding to the a-Fe(Cr)
and c0-(Fe,Cr)4Nx phases, respectively. Moreover,
Fig. 3 also indicates clearly that the c0-(Fe,Cr)4Nx
phase is still nonmagnetic at 4.2 K. The broadened
line in the spectrum is due to a distribution of the
hyper®ne ®eld. In ferromagnetic alloys, the inter-
nal ®eld acting on the Fe nuclei is aected by their
neighboring atoms [16] and so the disordered dis-
Fig. 5. TEM images of the Fe72:5Cr21:5N6 ®lm deposited at TS 523 K, ACr 33% and R(N2) 20%. (a), (b) and (c) are plan-view BF,
DF (c0-(Fe,Cr)4Nx phase) and DF (a-Fe(Cr) phase) images, respectively, while (d), (e) and (f) are the equivalent images for the cross-
sectional specimen.
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tribution of Fe and Cr atoms in the a-Fe(Cr) phase
causes line broadening. In addition, as can be seen
from Fig. 3, the peaks at about 2.5 mm/s, corre-
sponding to the second and ®fth lines of the sextet,
are not observed. This absence also indicates that
the ®lms have a perpendicular magnetic anisot-
ropy.
Fig. 4 shows plan-view and cross-sectional im-
ages of a ®lm which has a perpendicular magnetic
anisotropy. The bright ®eld images in Fig. 4(a)
and (d) show that the ®lm is composed mainly of
columnar grains of 20±40 nm in diameter. Fig. 4(b)
and (e) show dark ®eld (DF) images of the same
area, obtained with the objective aperture set at
the {2 0 0} re¯ection for the c0-(Fe,Cr)4Nx phase.
These pictures demonstrate that the columnar
grains, of 20±40 nm diameter, are composed of
the c0-(Fe,Cr)4Nx phase, even though their orienta-
tions are not ®xed throughout a column. Fig. 4(c)
and (f) show DF images of the same area with
the aperture set at the {1 1 0} re¯ection for the a-
Fe(Cr) phase. These pictures show that the ferro-
magnetic a-Fe(Cr) grains have a needle-like shape,
with a distribution of diameters in the range 2±20
nm, and are distributed or ``segregated'' at the
grain boundaries of the columnar c0-(Fe,Cr)4Nx
phase. In contrast, a Fe72:5Cr21:5N6 ®lm, deposited
at a smaller R(N2), (20%), has no perpendicular
magnetic anisotropy and a dierent microstruc-
ture, as can be seen from Fig. 5. The sizes of the fer-
romagnetic a-Fe(Cr) grains become larger, while
the grain size and the amount of the nonmagnetic
c0-(Fe,Cr)4Nx phase evidently become smaller.
4. Discussion
The present results, described above, indicate
that the existence of the nonmagnetic c0-
(Fe,Cr)4Nx phase with a strong (2 0 0) texture
seems to be very important for the perpendicular
magnetic anisotropy of the Fe±Cr±N ®lms, be-
cause it eectively interrupts the magnetic interac-
tion between the small a-Fe(Cr) grains which have
shape anisotropy. To con®rm this point, we mea-
sured the annealing temperature dependence of
magnetization curves. Fig. 6 shows the magnetiza-
tion curves for the Fe71Cr20N9 ®lm after annealing
at (a) 523 K (b) 573 K and (c) 623 K for 30 min in
a vacuum of 6.65 ´ 10ÿ3 Pa. As can be seen from
Fig. 6(a), the magnetization curve does not change
after annealing at 523 K and has a perpendicular
magnetic anisotropy. On annealing above 523 K,
the perpendicular anisotropy decreases and the
saturation magnetization increases gradually with
increasing annealing temperature. For the ®lm an-
nealed at 623 K (Fig. 6(c)), the in-plane direction
becomes an easy axis of magnetization and the
perpendicular anisotropy disappears. The XRD
patterns of these annealed ®lms are shown in
Fig. 7. Before annealing and after annealing at
523 K, the ®lms have similar XRD patterns and
are composed of the a-Fe(Cr) and c0-(Fe,Cr)4Nx
phases. For the ®lm annealed at 573 K, the decom-
Fig. 6. The magnetization curves at room temperature for the
Fe71Cr20N9 ®lm after annealing at (a) 523 K (b) 573 K and
(c) 623 K for 30 min.
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position of a very small amount of the c0-
(Fe,Cr)4Nx phase results in a small change in the
magnetization curves, compared to the as-deposit-
ed ®lm, but the perpendicular anisotropy is still re-
tained. However, as can be seen from Fig. 7, in the
case of the ®lm annealed at 623 K, a large amount
of the nonmagnetic c0-(Fe,Cr)4Nx phase is decom-
posed into pure a-Fe and a Cr-rich a0-Cr±Fe
phase, which results in the disappearance of the
perpendicular magnetic anisotropy.
5. Conclusion
Ternary Fe±Cr±N ®lms with perpendicular
magnetic anisotropy have been obtained by reac-
tive sputtering (Ar + N2 mixture), using a facing-
target sputtering system. The Fe±Cr±N ®lms con-
sist of a mixture of the a-Fe(Cr) and c0-(Fe,Cr)4Nx
(x < 1) phases. In particular, the Fe±Cr±N ®lms
with the largest perpendicular anisotropy are com-
posed of the nonmagnetic c0-(Fe,Cr)4Nx phase,
which has a (2 0 0) texture, and the ferromagnetic
a-Fe(Cr) phase, which has needle-like grains, with
diameter in the range 2±20 nm, located at the grain
boundaries of the c0-(Fe,Cr)4Nx phase. The origin
of the perpendicular anisotropy is ascribed to the
shape anisotropy of the a-Fe(Cr) grains.
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